Eolian dust constitutes much of the pedogenic material in late Pleistocene and Holocene soils of many arid regions of the world. Comparison of the compositions and influx rates of modern dust with the eolian component of dated soils at 24 sites in southern Nevada and California yields information on (1) the composition and influx rate of dust in late Pleistocene and Holocene soils, (2) paleoclimate and its effects on the genesis of aridic soils, especially with regard to dustfall events, (3) the timing and relative contribution of dust from playa sources versus alluvial sources, and (4) the effects of accumulation of dust in soil horizons.
INTRODUCTION
The presence of eolian dust in soils and the relative contribution of dust to soil formation in both arid and humid regions has been debated for decades. Most researchers now agree that dust is a ubiquitous component of soils formed in arid regions (Gardner, 1972; Yaalon and Ganor, 1973; Peterson, 1980; Muhs, 1983; Machette, 1985; Walker et al., 1988; Reheis, 1990) , although some argue that calcareous dust locally does not contribute significantly to the content of pedogenic calcium carbonate (CaCO 3 ) (Rabenhorst et al., 1984; West et al., 1988; Eghbal and Southard, 1993) . Many studies have also shown that dust is an important component of soils in subhumid to humid regions (e.g., Marchand, 1970; Jackson et al., 1971; McTainsh, 1984; McFadden and Weldon, 1987; Muhs et al., 1990; Reheis, 1990; Dahms, 1993) . In arid and semiarid regions, eolian dust also plays a significant role in geomorphic processes . For example, desert pavements, ubiquitous features in arid regions, form when dust accumulates beneath a surface layer of stones ; this process smooths initially rough surfaces. Once formed, however, the reduced porosities of dust-rich horizons lead to increased runoff and erosion, which increases surface roughness. Detailed studies of dust influx facilitate studies of paleoclimate based on modeling of soil-forming processes such as translocation of pedogenic carbonate (McFadden and Tinsley, 1985; Mayer et al., 1988; Marion and Schlesinger, 1994) .
Most research on the eolian component of soils focused on identifying the presence of dust and estimating its proportion relative to soil parent materials and in situ weathering products. These approaches included (1) assuming that most or all of a specific pedogenic component is dust-derived because it is not present in the parent material and is not likely to be formed in large quantities by chemical weathering of the parent material GSA Bulletin; September 1995; v. 107; no. 9; p. 1003 -1022 6 figures; 4 tables.
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(such as CaCO 3 and gypsum; e.g., Machette, 1985; Reheis, 1987) ; (2) estimating the content of dust in soils versus the parent material using trace elements or isotopes (e.g., Grousset et al., 1988; Jackson et al., 1971; Graustein and Armstrong, 1983; Capo and Chadwick, 1993) ; (3) comparing the mineralogy of dust and soils with parent material (e.g., Brimhall et al., 1991; Dahms, 1993) ; and (4) using micromorphological techniques to identify foreign components or characteristic shapes of grains (Marchand, 1970; Reheis et al., 1992; West et al., 1988) .
Despite general agreement on the importance of dust to soil genesis, few studies have compared modern rates of dust deposition to estimated amounts of dust in soils of known age to compare the compositions and deposition rates of modern dust to dust in soils. Quantitative comparisons are important to studies of soil genesis, paleoclimatic reconstruction from soil properties (Mayer et al., 1988; McFadden et al., 1992) , and soil chronosequences used to estimate the ages of surfaces (Harden et al., 1991b) . For example, soils that formed downwind of a large dust source may be better developed than soils of the same age that formed in sheltered areas (Peterson, 1980; Chadwick and Davis, 1990) . Quantitative studies of modern dust and soils include those of Gile et al. (1981) in New Mexico, Holliday (1988) and West et al. (1988) in Texas, Muhs et al. (1990) in the Caribbean, Gerson and Amit (1987) in Israel, and Reheis et al. (1992) in Nevada.
A project to study modern dust deposition in southern Nevada and California was initiated in 1984 to provide data on modern dust composition and influx rates for use in a numerical model relating soil carbonate to paleoclimate (Mayer et al., 1988) and in soilchronosequence studies in the southern Great Basin and Mojave Desert (Fig. 1) in support of tectonic and stratigraphic investigations for the Yucca Mountain Project. In this paper, we relate the composition of modern dust to soil properties and compare modern rates of dust influx with late Pleistocene and Holocene rates estimated from soils at 24 sites in southern Nevada and California. A companion paper (Reheis and Kihl, 1995) relates modern dust data from these and an additional 31 sites to climate, source area, and source lithology.
DESIGN AND ANALYTICAL METHODS

Sampling and Analysis of Dust
Dust-trap sites were chosen to provide data on dust influx at sites ( Fig. 1 ) with different rock types, dust sources, and climates (Table 1) . Dust traps were placed in flat, relatively open areas away from dirt roads or other artificially disturbed areas to mitigate anomalous wind-eddy effects created by tall vegetation or topographic irregularities. The trap design, sampling methods, and analytical procedures are described in detail in Reheis and Kihl (1995) . Briefly, the trap consists of a coated angel-food cake pan mounted about 2 m above the ground on a steel fence post. Glass marbles fill the upper part of the pan above a piece of hardware cloth that rests 3-4 cm below the rim. Two metal straps are looped over the top of the pan and the top surfaces of the straps are coated with Tanglefoot 1 in order to discourage birds from roosting and contaminating the samples. Samples are obtained from the Table 1 ), dust traps, prevailing wind directions, and selected geographic features in southern Nevada and California. Wind data are compiled from data collected by the National Climatic Center and the Nevada Test Site climatology office and from informal records of small airports. Arrow represents annual wind vector; length of arrow indicates proportion of year that the vector is dominant. Geological Society of America Bulletin, September 1995 dust traps by washing the marbles, screen, and pan with distilled water into plastic liter bottles. For this report, the traps were sampled once a year for four or five years (1984 -1989) . This period of time spanned a major El Niño event (1984) and several years of drought, punctuated at some sites by a lesser relatively wet year (1987) ; dust deposition rates changed in response to these weather changes by a factor of about two (Table 4 below) (Reheis and Kihl, 1995) .
We adapted standard laboratory techniques for analyzing soils (Singer and Janitzky, 1986 ) for use on dust samples. These adaptations probably resulted in larger standard errors than normal for the results of some techniques because the amount of sample used was much smaller than the recommended amount. Moisture and organicmatter content were measured on the same 0.05 g split. Soluble salts and gypsum were measured on the entire sample, typically 0.4 -1.0 g, and the remaining sample was then recovered to use in other analyses. A 0.25 g split was used to determine total carbonate (calcite plus dolomite), and the carbonate-free residue was analyzed for major elements. Grain size was measured by pipette if the remaining sample weighed 0.2-0.4 g, and by Sedigraph if the sample was 0.4 g or more; size fractions saved from Sedigraph analysis were analyzed for mineralogy. Not all analyses were performed on every sample. Because the dust samples were so small, we have no data on reproducibility. However, we think that the largest analytical errors were for grain size measured by pipette, which for 25 g samples is about 10% (Singer and Janitzky, 1986 ) but for our small samples is likely much larger. Sedigraph measurements yield the same grain-size results as pipette analysis on replicate samples but have much smaller analytical errors (Rolf Kihl, University of Colorado, 1992, written commun.). The standard errors of the other techniques are much less than the annual variability (20%-30%) in the composition of samples from the same site.
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Major oxides and zirconium were analyzed by induction-coupled plasma spectroscopy (Baedecker, 1987) on the Ͻ2 mm fraction after removal of carbonate and soluble salts. For mineralogical analysis, clay-size samples were slurried in water and mounted dropwise on glass slides. Minerals were identified by characteristic X-ray diffraction peaks obtained after being air-dried, glycolated, and heated to 300 ЊC and 550 ЊC.
Sampling and Analysis of Soils
Soil profiles were described and sampled in many places where no previous soil studies had been done. In each area, two alluvial-fan surfaces were selected that were thought to be late Pleistocene and middle to late Holocene in age by comparison of surface characteristics such as pavement, var-2 Original analytical data for this report are archived by the Global Change Program of the U.S. Geological Survey and are available upon request by anonymous file transfer protocol (ftp) to Internet address ''geochange.er.usgs.gov''. In addition, tables of soil index values used to assign ages and of additional clay mineralogical data not included in Table 3 are contained in GSA Data Repository item 9534, available on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301. Geological Society of America Bulletin, September 1995 nish, and preservation of depositional topography to those of dated surfaces from previous studies in the region (e.g., McFadden et al., 1989; Reheis et al., 1993) . One soil profile was described and sampled on each surface using either fresh stream cuts or hand-dug pits. Soil descriptions and horizon designations followed Guthrie and Witty (1982) and Birkeland (1984) . The samples were analyzed using standard laboratory techniques (Singer and Janitzky, 1986) for grain size, CaCO 3 and organicmatter content, and pH. The bulk density for each soil horizon, if not measured previously (a difficult process in gravelly deposits; Vincent and Chadwick, 1994) , was estimated from particle size and the contents of gravel and organic matter using the technique of Rawls (1983) and ranged from 1.2 to 2.0 g/cm 3 . Major-element contents for the Kyle Canyon and Silver Lake soils were measured using wavelength-dispersive X-ray fluorescence spectroscopy (XRF) and zirconium content using energy-dispersive XRF (Baedecker, 1987) on the Ͻ2 mm fraction including CaCO 3 . For the Wilson Creek soils, only Fe, K, Ca, Ti, Mn, and Zr were measured using energy-dispersive XRF. In order to compare the soil analyses with those of nearby dust samples, which did not include Ca from CaCO 3 , the contents of major oxides in the soil samples from Kyle Canyon and Silver Lake were recalculated on a CaCO 3 -free basis (Wilson Creek soils contained no CaCO 3 ).
We compared the clay mineralogy of soils from published sources to that of modern dust. Observed differences between the clay mineralogy of soils and dust at some sites are attributed either to clay formation within the soils, to variability not explored sufficiently in our small data set, or to slightly different analytical procedures used for the soil and dust samples (e.g., different ion saturations). In addition, the published reports used somewhat different methods to estimate abundances of clay minerals from peak heights on X-ray diffraction traces.
Assumptions and Calculation Methods
In this study, we assume that the dust component of soils is pedogenic (not parent material) and that all silt, clay, and CaCO 3 present in greater proportions in a soil than in the parent material is pedogenic material and ultimately derived from dust (e.g., Gerson and Amit, 1987) . Soils that formed in carbonate alluvium are an exception; they contain abundant CaCO 3 derived from solution of the parent material (Sowers, 1985; Reheis et al., 1992) . The major-oxide composition and clay mineralogy of the dust and soil horizons, discussed below, support this assumption. Previous work both in the study area (McFadden, 1982; McFadden et al., 1986; Taylor, 1986; Reheis et al., 1989 Reheis et al., , 1992 and in other arid regions (e.g., Bighorn basin, U.S.A. -Reheis, 1987; and IsraelAmit and Gerson, 1986 ) indicated little chemical weathering in soils of this age. Soils that are more than about 100 000 yr old or that formed in semiarid to subhumid climates (Table 1) have likely been chemically weathered. However, much of the silt, clay, and CaCO 3 in older aridic soils is likely to be of eolian origin, in part transformed into other minerals or grain sizes by chemical or physical processes.
Profile weights (g/cm 2 /soil column) were calculated for pedogenic silt, clay, CaCO 3 , and salt (where possible) by subtracting the total amount of these components in each horizon from the amount estimated to have been present in the parent material. To avoid having to estimate the thickness and bulk density of a horizon at the time of deposition, we simplified the calculation method of Machette (1985) by subtracting the percentage of the pedogenic component in a horizon from that estimated to have been present in the parent material before multiplying by bulk density and horizon thickness. This simplification probably has little effect on the profile weights calculated for middle and late Holocene soils, but yields minimum profile weights for older soils due to profile expansion by addition of dust and CaCO 3 .
At most sites, the parent material consisted of alluvial-fan deposits, commonly debris flows. Debris flows are usually poorly sorted and poorly bedded, so the content of silt, clay, and CaCO 3 in a C horizon formed in these deposits was assumed to be representative of that originally present in the other horizons. For soils at Wilson Creek that formed in fluvial deposits potentially containing fine-grained overbank sediment (Harden and Matti, 1989) , amounts of silt and clay in the parent material of the A and B horizons were estimated to be greater than those in the C horizons. Basalt flows were assumed to contain no silt, clay, or CaCO 3 when deposited.
Sites that provided soil ages were (Fig. 1 ) the Whipple Mountains (McFadden, 1982) , the Fortymile Wash-Yucca Wash area (henceforth referred to as the Fortymile Wash area; Taylor, 1986) , Silver Lake (Reheis et al., 1989) , Kyle Canyon (Sowers et al., 1988) , the Cima fans (Harden et al., 1991b) , Wilson Creek (Harden and Matti, 1989) , and the Coyote Mountains (Goodmacher and Rockwell, 1990) . Some ages were based on radiometric dating of deposits and soils, and others were based on correlation of soil properties to those of soils at dated sites using the soil development index of Harden (1982) and modifications to the index (Reheis, 1987; Taylor, 1988; Harden et al., 1991b) .
The ages of the soils sampled for this study were estimated from field morphologic data using the soil development index. Index values 3 were calculated for each profile using properties of aridic soils that change systematically with soil age, such as rubification, texture, and carbonate (Harden, 1982; Harden et al., 1991b ). The index values were then compared with values for soils of known age that formed under similar conditions of climate and, where possible, parent material (Taylor, 1986; Reheis et al., 1989 Reheis et al., , 1992 Harden et al., 1991a; Slate, 1992) , and ''best'' ages and age ranges were assigned to the soil profiles. Harden et al. (1991b) , using a statistically based version of this technique in a study of soil chronosequences in the southern Great Basin (some of the sites used in this study), suggested that average rates of change in most soildevelopment parameters within this area are precise to about a factor of two and that, at least for Holocene soils, estimated ages derived from these rates might be accurate within about a factor of two or three.
Accumulation rates were calculated for pedogenic silt, clay, CaCO 3 , and salt depending on the availability of data (see Table 4 below). At sites with more than one analyzed soil profile of the same age, the profile-weight values were averaged. The average ''best'' accumulation rates were calculated using the ''best'' age (the most reasonable age assigned to the geomorphic surface), and average maximum and minimum rates were calculated using the likely minimum and maximum ages, respectively. The interval-accumulation rate of a soil component for each profile is the rate of accumulation from the ''best'' age of the profile to the ''best'' age of the next younger profile at the same site. If there is no younger profile, the interval rate is the same as the average rate. The following are ex-ample calculations for the silt accumulation rate of soils on surface Q5 near the Coyote Mountains, where the average profile weight of silt in Q5 soils is 0.8 g/cm 2 , the ''best'' age is 12 ka, the minimum age is 9 ka, and the maximum age is 20 ka: average ''best'' accum. rate ϭ (0.8 g/cm 2 )/12 000 yr ϭ 0.7 g/m 2 /yr average maximum accum. rate ϭ (0.8 g/cm 2 )/9 000 yr ϭ 0.9 g/m 2 /yr average minimum accum. rate ϭ (0.8 g/cm 2 )/20 000 yr ϭ 0.4 g/m 2 /yr
The interval accumulation rate between soils formed on surfaces Q5 and Q4, where the average profile weight of silt in Q4 soils is 0.4 g/cm 2 and the ''best'' age is 3 ka, is calculated by interval accum. rate ϭ The interval-rate value would be plotted at the midpoint between the two ''best'' ages, or at 7500 yr (see Figs. 5 and 6 below).
Soil accumulation rates must be treated with caution. (1) Soils of the same age naturally vary in their content of pedogenic material. Data from more than one soil per geomorphic surface are critical for quantitative studies (e.g., data for field properties of soils at Silver Lake; Reheis et al., 1989) . Standard deviations were calculated for the interval rates at the Fortymile Wash area, Silver Lake, the Cima fans, Wilson Creek, and the Coyote Mountains, which had laboratory data for more than one profile per surface (Table 4 and Fig. 6 below) . Excluding soils that were strongly eroded or leached, the standard deviations average 75% of the rates, but range widely (5%-200%). (2) There are uncertainties in the assigned ages of the geomorphic surfaces and their soils (Table 4 below). This problem is most acute for the youngest soils; for example, if a soil is thought to be 200 yr old but in fact is 400 yr old, the 200-yr error would double the accumulation rate. In addition, radiometric ages are available only for soils from Silver Lake, the Fortymile Wash area, Kyle Canyon, and the Coyote Mountains. We have not included age uncertainties in the interval rates because generally the minimum and maximum ages greatly exaggerate the probable errors, but the uncertainties are shown graphically in Figure 6 , below. For studies in which the ages of soils were better constrained, as at Silver Lake and Fortymile Wash, intervalrate uncertainties calculated from the minimum and maximum soil ages were similar to the range of standard deviations calculated using replicate soils of the same age. (3) Simplifications were used in the calculations of profile weights of pedogenic materials. Notably, accumulation rates calculated for Pleistocene soils are minimum values, except those which were taken from published references for the Fortymile Wash area and the Whipple Mountains.
SOILS AND MODERN DUST IN SOUTHERN NEVADA AND CALIFORNIA
The general characteristics of dust-affected aridic soils are well known (e.g., Yaalon and Ganor, 1973; McFadden et al., 1986; Gerson and Amit, 1987; Slate et al., 1991) . These soils are thought to have formed largely by incorporation of dust and contain significant quantities of silt, clay, and other constituents such as CaCO 3 , gypsum, or other soluble salts that were neither present in the original parent material nor formed from it by weathering. Typically, such soils have a surface layer of clasts (desert pavement) underlain by an ochric A horizon with vesicular pores (Springer, 1958 ; Av horizon) composed mainly of silt and clay. The Av horizon is underlain by a cambic (Bw) or argillic (Bt) horizon enriched in silt and clay and commonly containing pedogenic CaCO 3 , which in turn is underlain by other B horizons enriched in CaCO 3 (Bk horizon) and soluble salts (By or Bz horizon). Eolian silt and clay infiltrates and accumulates beneath a surface layer of stones , thus creating both the desert pavement and the subjacent stone-free Av horizon; the Bw or Bt horizon forms by translocation of silt and clay into the subjacent sediment. CaCO 3 , gypsum, or salt in solution can precipitate in the Av or more commonly lower in the profile, depending on the leaching depth. The Av horizon usually is different from the parent material in both mineralogy and grain size (e.g., Reheis, 1987; Reheis et al., 1992) and is the horizon most similar in composition to dust. Deeper horizons represent dilutions of the original parent material by dust and, in older soils, also may contain products of in situ weathering such as authigenic clay (McFadden et al., 1986) or pedogenic silica (Bq horizons; Taylor, 1986) .
The dust component of soils formed under semiarid and wetter climates is more difficult to identify, because an Av horizon is usually not present and because chemical alterations of the dust are enhanced. However, Holocene soils in semiarid climates commonly contain large amounts of silt, clay, and CaCO 3 , but no evidence of significant weathering of sand grains (McFadden and Weldon, 1987; Reheis, 1990) or of the dissolution of calcium-bearing minerals in the parent material sufficient to account for the amount of pedogenic CaCO 3 present (Yaalon and Ganor, 1973; Machette, 1985) . Analyses of grain size, mineralogy, chemistry, and isotopic composition have shown that eolian materials are present in soils of relatively moist climates (e.g., Marchand, 1970; Muhs et al., 1990; Brimhall et al., 1991) .
Morphology and Age of Soils in the Study Area
Most of the soils we studied are characterized by silt-and clay-rich Av horizons, Bw or weak Bt horizons with little or no evidence of chemical weathering of clasts, and Bk, Bq, By, and Bz horizons in which depositional features in the alluvium are preserved and the only obvious pedogenic alteration is the precipitation of materials from solution. In most cases the nongravel fraction of the parent material is mostly sand with little or no CaCO 3 (except that reworked from older soils) or salt, whereas the soils contain abundant silt, clay, CaCO 3 , and salt.
Changes have probably occurred both in the rate of dust deposition and in the rate of incorporation of dust into soils. Early Holocene pulses of dust deposition in part of the study area due to the desiccation of pluvial lakes (Benson et al., 1990 ) and reduction of vegetative cover (e.g., Spaulding, 1985) have been documented by Wells et al. (1987) , Chadwick and Davis (1990) , Harden et al. (1991b ), and McFadden et al. (1986 , 1992 on the basis of anomalously large quantities of dust in soils formed on uppermost Pleistocene or lower Holocene deposits. A rapid rate of dust infiltration can be expected in a young, gravelly, highly permeable deposit, but as silt and finer-grained materials accumulate in the soil, the infiltration rate likely decreases regardless of the rate of dust supply (e.g., Gerson and Amit, 1987; Wells et al., 1987; . In addition, rates of chemical weathering increase as soil permeability decreases and water-holding capacity increases (Taylor, 1986; McFadden and Weldon, 1987; Reheis, 1987 Reheis, , 1990 .
Most of the soils in this study formed on upper Pleistocene or Holocene deposits and are estimated to be Ͻ50 000 yr old. Little chemical weathering and clay formation is expected to have occurred in these soils, except for those at Wilson Creek and Cajon Pass where rainfall is relatively high (Table 1) . Soils older than late Pleistocene in age (a few soils in the Fortymile Wash area, the Whipple Mountains, the Coyote Mountains, and profile S37P) likely contain some noneolian pedogenic products.
Grain Size and Carbonate and Salt Content of Soils and Dust
The grain sizes of modern dust samples at the soil study sites are similar to those of the Av horizons, especially in Pleistocene soils (Table 2 ). In the Fortymile Wash area, for example, the textural classes of the dust samples are clay, silt loam, and loam, and the textural classes of the Av and some of the Bt horizons are clay, loam, and sandy loam, whereas the parent material is sand and loamy sand (Taylor, 1986) . At Cajon Pass, the dust has an average silt content of about 50% by weight (Reheis and Kihl, 1995) ; the shallow soil horizons have silt contents as much as 40% greater than those of the parent material (McFadden and Weldon, 1987) .
The modern dust and most of the soils (except for those at Wilson Creek and Cajon Pass) have significant amounts of CaCO 3 and salt, whereas the parent materials have little or no CaCO 3 or salt, except for soils formed on carbonate alluvium of the Kyle Canyon fan (Reheis et al., 1992) and near the Sheep Range ( Table 2 ). The average total-carbonate content of modern dust is 9%-31%, and for sites located on noncarbonate alluvium, the content is 9%-14% (Reheis and Kihl, 1995) . Comparisons are most easily made with soils formed on noncarbonate alluvium. For example, at Silver Lake, modern dust contains an average of about 9% carbonate and the soil horizons contain as much as 8% CaCO 3 (Table 2) . Although we lack quantitative data on the soluble salt content of many of the soils, those soils in the most arid settings contain visible salt or gypsum that is not present in the parent material (Table 2) ; the modern dust contains 6%-18% salt and 1%-5% gypsum (Reheis and Kihl, 1995) .
In summary, the eolian component in most of the soils is amply demonstrated by (1) the similarity of the grain size of Av and Bt horizons to that of modern dust (Table 2) ; (2) the presence of pedogenic CaCO 3 , salt, and gypsum not present in the parent material; (3) the lack of obvious in situ weathering that could produce abundant silt, clay, CaCO 3 , or salt; and (4) locally, the presence of minerals in the Av and Bw or Bt horizons that are not present in the parent material (e.g., basaltic ash in profile S44P, and silicic ash in Kyle Canyon soils; Reheis et al., 1992) .
Some of the soils were affected by in situ weathering. Soils believed to be older than latest Pleistocene in age, notably S21P, S23P, and S46P (Table 2) , are more oxidized than the younger soils at the same sites (5YR as opposed to 7.5YR or 10YR colors); the older soils are also more clay rich and commonly contain grusified clasts. However, much of the clay in these profiles probably formed by weathering of eolian silt, as inferred by McFadden and Weldon (1987) for soils at Cajon Pass. In addition, samples of modern alluvium near Wilson Creek contain significantly less silt than the A horizons, suggesting some eolian input.
Major-Oxide Chemistry of Soils and Dust
Because the shallow horizons of aridic soils contain abundant eolian material, the major-oxide composition of these horizons should resemble that of modern dust rather than the soil parent material. Yet despite the abundance of data on the composition of dust in the western United States (e.g., Young et al., 1988) , comparisons between dust and soils have relied on trace elements such as neodymium (Grousset et al., 1988) or oxygen and strontium isotopes (Jackson et al., 1971; Graustein and Armstrong, 1983) . Use of the entire suite of major oxides combined with an index element such as zirconium, which is stable under most weathering conditions, permits assessment of the dust content of soils and of the changes in content with depth and with soil age (Reheis, 1990) . Major-oxide data for soils and modern dust are compared for three of the areas: Kyle Canyon, with soils formed on carbonate alluvium in an arid climate; Silver Lake, with soils formed on granitic alluvium in an arid to hyperarid climate; and Wilson Creek, with soils formed on granitic alluvium in a subhumid Mediterranean climate.
Major-oxide data for modern dust and Pleistocene soils on the Kyle Canyon fan show major differences between the composition of the dust and the carbonate parent material ( Fig. 2A ; Reheis et al., 1992) . Compared to fresh alluvium and the deepest soil horizons, modern dust contains much larger proportions of Al 2 O 3 , K 2 O, and TiO 2 and smaller proportions of MgO and CaO. The compositions of the Av horizons and dust are strikingly similar, whereas the compositions of progressively deeper horizons increasingly resemble those of the parent material. The enrichment of Fe 2 O 3 , MnO, and ZrO 2 in the Av and Bt horizons of Kyle Canyon soils relative to both the dust and the parent material is likely due to accumulation of these relatively immobile oxides by progressive additions of dust. Although iron does oxidize in these soils, the increase in total Fe 2 O 3 and in ZrO 2 , which is not likely to be a weathering product, supports an eolian origin for the Av and Bt horizons (Reheis et al., 1992) . CaO is higher in the CaCO 3 -enriched soil horizons than in the parent material, despite being calculated on a CaCO 3 -free basis, perhaps because Ca is incorporated into clay minerals.
Discriminating dust from parent material in the granitic soils of the Silver Lake fans is difficult; this is because the composition of the silt and clay fractions of modern dust in most of southern California and Nevada reflects input from many different sources and is broadly similar to that of granitic rocks (Reheis and Kihl, 1995) . Where differences are discernible, the relations for dust and soils at Silver Lake (Fig. 2B) are like those at Kyle Canyon: (1) the contents of Al 2 O 3 , Na 2 O, and TiO 2 are different for modern dust and the inferred parent material (the deepest soil horizons); (2) the compositions of the upper horizons of the older profile, SL-1X, are more like those of dust than those of the parent material; and (3) there is more Fe 2 O 3 and MnO in the upper horizons than in either the dust or the parent material.
The upper B horizons of Wilson Creek soils are also similar in composition to the modern dust, or intermediate between those of dust and alluvium (Fig. 2C) . The CaO contents of modern dust and upper B horizons are identical and distinct from that of the parent material. The ratio of TiO 2 to ZrO 2 is considered to be a stable index of parent material that is little affected by weathering (e.g., Smeck and Wilding, 1980) . Reheis et al. (1992) reported that values of this ratio were high in the modern dust and the shallow horizons and low in the deeper horizons of Kyle Canyon soils. The value of this ratio for two samples of modern dust at Wilson Creek is 39, and the average value of three samples of modern alluvium is 15. The deepest B horizons, which are likely to be most similar to the alluvium, have an average ratio of 21, whereas the shallower B horizons have ratios that range from 19 to 27. Geological Society of America Bulletin, September 1995 
Kyle Canyon and T -16-19
A ca. 15 ka soil (KC-5)
ca. 130 ka soil (KC-10)
Silver Lake (upper fan) and T-30-31 B ca 2.5 ka soil (SL -4Z) ca. 35 ka soil (SL-1X)
Wilson Creek and T-54
ca. 16 ka soil
These comparisons suggest that eolian dust is a significant component of the soils at Wilson Creek. Discriminant analysis was used to examine the relations among major-oxide contents of dust and different groups of soil horizons for the three study sites. This technique determines linear mathematical equations using the independent variables (here, ratios of major oxides to ZrO 2 ) to maximize the differences among groups of samples; if members of the defined groups cannot be differentiated using the equations, then they are considered statistically identical. In the first analysis of data from each area, the samples were divided into five primary groups: dust, Av horizons, Bw and Bt horizons, K horizons, and deep Bk horizons and parent-material (PM) samples. In later analyses, some of the groups were combined. The first two discriminant functions (Fig. 3) accounted for more than 97% of the total variance in every analysis.
Results of discriminant analysis of the Kyle Canyon, Silver Lake, and Wilson Creek samples show that the A horizons are similar in composition to nearby modern dust and distinct from the composition of the parent material and deep B and K horizons (Fig. 3) . At Kyle Canyon, the compositions of the Bw/Bt horizons are also like those of the dust samples; at Silver Lake and Wilson Creek, the compositions of the Bw/Bt horizons are intermediate between those of the dust and the Bk/PM samples. The isolation of the dust samples in the first analyses of Kyle Canyon and Silver Lake soils is emphasized by the mathematical techniques of the discriminant analysis and should not be interpreted as a lack of dust in the soil samples; Figure 2B clearly shows that the dust is similar in composition to the upper soil horizons.
The major-oxide data for soils and modern dust in the three study areas indicate that the composition of the shallow soil horizons is similar to that of modern dust. The dust component is most obvious in the aridic soils, especially those at Kyle Canyon where the carbonate parent material is so different from the dust. Dust apparently is present even in the subhumid Wilson Creek soils, which exhibit no visible effects of dust accumulation (Harden and Matti, 1989) . Interpretation of the major-oxide data yields two major conclusions: (1) The shallow horizons of soils chemically resemble modern dust; hence, modern dust is likely to be similar in composition to Pleistocene or Holocene dust. However, past differences in dust composition could be obscured by the slow accumulation of immobile constituents or, for older soils, by in situ weathering. (2) The soil samples reflect the influence of dust to varying degrees depending on depth below the surface, parent-material composition, soil age, and climate-a conclusion similar to that reached in a study of some soils in Wyoming and Montana (Reheis, 1990) . 
Clay Mineralogy of Soils and Dust
The clay mineralogy of soils is commonly used to examine chemical alterations within soils and to compare soil-forming processes in different climatic regimes (Birkeland, 1984) . Some researchers also used clay and silt mineralogy to document the presence of eolian dust in soils (e.g., Jackson et al., 1971; McFadden et al., 1986) , although only rarely is data presented for dust as well as soil samples (Amundson et al., 1989; Reheis, 1990) . We make only general comparisons here, because different analytical techniques were commonly used to estimate the proportions of clay minerals in the soils and the dust.
The clay-size fractions of dust samples throughout the study area are fairly homogeneous (Reheis and Kihl, 1995) . Smectite and mica are the dominant minerals, with small to moderate amounts of quartz and trace to small amounts of chlorite, kaolinite, and mixed-layer illite-smectite (Table 3) . Palygorskite was only detected in a few samples from site T-26. The mineralogies suggest both that clays from different sources are mixed in the atmosphere and that clays at the surface of many dust sources are mineralogically similar (Reheis and Kihl, 1995) .
The clay mineralogies of the Pleistocene and late Holocene soils are different for the granitic fans at Silver Lake. The mineralogy of the late Holocene soil is very similar to that of the nearby dust (Table 3 and Fig. 4A ), although small amounts of palygorskite, possibly reworked from older soils, are present in the soil. However, there is less mica and smectite and more mixed-layer clay in the 35 ka (?) soil samples, including the Av horizon, than in the dust, and palygorskite is present in moderate quantities in the Bk3 horizon. The mineralogy of the 11 ka soil is like that of the 35 ka (?) soil (Table 3 and Fig. 4A ), suggesting that mineralogical transformations in the soils at Silver Lake are relatively rapid.
The clay mineralogy of Holocene soils on the Whipple Mountains fan, consisting mainly of metamorphic clasts, is similar to that of the nearby dust samples ( Table 3) , except that vermiculite is present in the Av horizons (McFadden, 1982) but not in the dust. The small differences in the proportions of clay minerals present could indicate real differences between the Holocene soils and the dust, or could be due to differences in estimation techniques. With increasing soil age, the proportions of smectite, palygorskite, and vermiculite increase, and the mineralogy of the Av horizons diverges from that of the dust (Fig. 4B) .
Soils formed on basalt flows of the Cima volcanic field contain abundant mica and quartz (Table 3 ) that could not have been derived from weathering of basalt (McFadden et al., 1986) ; these soils are thought to have formed mainly by incorporation of dust deflated from the dry bed of Soda Lake to the west. The Av horizon of the soil on the youngest basalt flow, about 16 ka, is mineralogically similar to that of the dust sample except that the soil contains a small amount of vermiculite (McFadden et al., 1986 ) and a large amount of quartz. With time, the proportions of smectite and mixed-layer clays increase, whereas vermiculite is depleted.
At Fortymile Wash (Table 3 ) with rhyolitic alluvium, the dust samples consist mainly of smectite and mica with lesser amounts of kaolinite, mixed-layer illitesmectite, and chlorite, whereas the soil samples contain mica, mixed-layer clays, and kaolinite (Taylor, 1986) . Chlorite was not distinguished from kaolinite, so it may have been present although not reported. Smectite is present in the dust but was not reported in the soils.
Limited mineralogical data for soils and dust on the Kyle Canyon fan and Mormon Mesa (Gardner, 1972) are similar to those for the other sites (Table 3) . At Kyle Canyon, the composition of the Av horizon resembles that of the dust. Palygorskite increases in the Bk horizons of soils of progressively older soils at the same elevation (Amundson et al., 1989) , and sepiolite (associated with both secondary CaCO 3 and silica) also forms in the older soils (Sowers, 1985) .
Comparison of data for dust and soil samples shows the following: (1) The clay mineralogy of the dust at a given site is similar to that of the Av horizon of nearby Holocene soils but is commonly different from the compositions of deeper soil horizons and of all horizons of the Pleistocene soils (Fig. 4 and Table 3 ). (2) Clay minerals added to dry hyperthermic soils by incorporation of dust can be transformed at a rate sufficient for the changes to be observed in only 10 000 yr or so. Despite the paucity of information on the rate of formation of clay minerals in arid environments, the general perception in many textbooks (e.g., Birkeland, 1984, p. 220-221; Dixon and Weed, 1989, p. 229, 241) is that clay formation is slower in arid than in humid environments because leaching rates in the former are much lower. However, Holliday (1988) found that mixed-layer smectite-illite increased with soil age in semiarid Holocene soils in which the clays were initially derived from illite-rich dust, and Abtahi (1980) reported formation of palygorskite in Holocene soils formed on carbonate-rich deposits in Iran.
The proportions of smectite and (or) mixed-layer clays and of palygorskite increase with soil age at the study sites (Table 3 and Fig. 4) . The formation of smectite is favored in low leaching environments with neutral to high pH (Birkeland, 1984, p. 106) . The absence of palygorskite in the modern dust samples from the soil sites proves that palygorskite in these soils is formed in situ (Singer, 1979) . Volcanic lithologies may not be conducive to the formation of palygorskite, because the soils formed on volcanic parent material lack palygorskite (McFadden et al., 1986, and Taylor, 1986) . Jones (1983) noted that sepiolite was present in many soils of the Nevada Test Site area, but that sepiolite and palygorskite were absent from the soils formed on rhyolitic parent material. We think it unlikely that the changes are due to temporal changes in the composition of dust rather than in situ clay alterations, because the clay mineralogy of modern dust samples is very similar throughout southern Nevada and California (Reheis and Kihl, 1995) . Thus, past changes in dust sources due to changes in the prevailing winds had little if any effect on the composition of the clay fraction.
MODERN DUST FLUX AND DUST ACCUMULATION RATES FROM SOILS
Several studies have estimated rates of accumulation of pedogenic CaCO 3 in soils of the southwestern United States; most have assumed that these rates reflect additions of eolian dust. Machette (1985) reported that CaCO 3 accumulation rates in southern New Mexico ranged from 2 to 10 g/m 2 /yr for latest Pleistocene and Holocene soils and from 2 to 4 g/m 2 /yr for older soils; in other areas of New Mexico and Utah, rates ranged from 14 to 51 g/m 2 /yr for middle Pleistocene soils. He attributed these differences to varying rates of Ca ϩ2 influx and precipitation (influx-limited vs. moisture-limited rates of accumulation). Other studies in Utah reported rates of 5 g/m 2 /yr (Scott et al., 1983 ) and 14 -26 g/m 2 /yr (Harden et al., 1985) for late Pleistocene soils. Schlesinger (1985) reported rates of 1-3 g/m 2 /yr for soils in the eastern Mojave Desert and thought that car-Geological Society of America Bulletin, September 1995 Note: Complete data for all dust samples and soils are available on request by anonymous lip to Internet address "geochange.er.usgs.gov' Additional clay mineral data are also contained in GSA Data Repository item 9534. Relative abundances (0-5) of clay minerals for modern dust and for Silver Lake soils were estimated by measuring the following peak heights (in degrees 20) and adjusted for intensity variations between runs using the peak height of quartz at 26.65 0 20: chlorite. 6.3 on the 550· C trace; kaolinite. 12.6 on the glycolated trace minus the amount of chlorite; rnica and smectite. 8.8 and 5.2 on the glycolated trace. respectively; mixed-layer mica-smectite. 8.85 on the 550 0 trace minus the amounts of mica and smectite; palygorskite. 8.5 on the air-dried trace. Abundances for soils at other sites are from cited references.
'N.R.. not reported. tLetters of Kyle Canyon profiles denote different fan elevations and increasingly wetter climatic regimes: CR. 840 m; BB. 1400 m; FP. 2170 m.
bonate accumulated most rapidly around 20 ka. Eghbal and Southard (1993) A few studies have measured dust-deposition rates in the southwestern United States (summarized in Reheis and Kihl, 1995) , but none have compared modern rates of dust influx to geologic rates. In central Texas, West et al. (1988) used data of Rabenhorst et al. (1984) to argue that the pedogenic CaCO 3 was derived mainly from dissolution of the parent limestone, despite the carbonate content of the dust. However, V. T. Holliday (in Osterkamp et al., 1987) , noted that their dust data were from a single year of relatively low dust-storm activity. In contrast, Reheis et al. (1992) , using preliminary data from the present study, argued that soils formed on carbonate alluvium of the Kyle Canyon fan in southern Nevada contained at least 10%-20% (and probably much more) dust-derived CaCO 3 . Harden et al. (1991b) suggested that rates of clay and CaCO 3 accumulation were much higher for Holocene than Pleistocene soils at Silver Lake, Kyle Canyon, and the Fortymile Wash area due to additions of eolian dust; however, they cautioned that the low Pleistocene rates could have been caused by reduced soil permeability due to plugging of surface horizons by dust.
General Comparison of Accumulation Rates
Modern fluxes of silt, clay, CaCO 3 , and salt exceed the average ''best'' accumulation rates for nearly all soils (Table 4) , supporting the hypothesis that progressive additions of dust are sufficient to account for the volume of fines and precipitates in the soils. However, most of the Cima fan soils and the early Holocene soils at Silver Lake have higher average accumulation rates than the modern dust flux. The Cima fan data may be anomalous, because the dust was sampled 15 km farther downwind from the major dust source (Soda Lake playa, Fig. 1 ), and at higher elevation than the soils. The differences in average accumulation rates for early Holocene Silver Lake soils compared to modern dust fluxes are significant, because the dust traps are very close to the soil sites and the soils have excellent age control Harden et al., 1991b) . The differences in average accumulation rates for soils of different ages at many of the study sites (Table 4) suggests that the critical comparisons with respect to the influence of dust deposition on soil genesis are those between rates of accumulation during different intervals in the past rather than the average accumulation rates; the average rates may span climatic oscillations during which dust flux and rates of accumulation changed.
The majority of the interval accumulation rates of silt, clay, and CaCO 3 are smaller than the modern dust-flux values (Table 4) and are time dependent (Fig. 5). (1) Prelatest Pleistocene (Ͼ15 ka) accumulation rates are much lower than most post-15 ka rates. (2) Late Holocene rates (Ͻ4 ka) are as high as 15-8 ka rates for silt and CaCO 3 but are lower for clay. (3) The interval-accumulation rates averaged for the entire study area (Fig. 5D) suggest that middle Ho- Table 3 ). Data points are slightly offset from actual values where several samples have the same value.
locene (8 -4 ka) accumulation rates are lower than early or late Holocene rates.
Comparison of Interval-Accumulation Rates at Selected Sites
Four study sites have sufficient soil data to examine the change of soil accumulation rates with time ( Fig. 6) : the Fortymile Wash area, spanning the interval from early Pleistocene to early Holocene (Taylor, 1986) ; the Whipple Mountains area, from middle Pleistocene to late Holocene (McFadden, 1982) ; and the Coyote Mountains (Goodmacher and Rockwell, 1990) and Silver Lake areas (Reheis et al., 1989) , from late Pleistocene to late Holocene.
In the Fortymile Wash area, Taylor (1986) studied chronosequences of soils formed on rhyolitic fan alluvium at different elevations in Fortymile Wash and Yucca Wash, both far from large playas. Precipitation is about 12 cm/yr and 20 cm/yr in Fortymile Wash and Yucca Wash, respectively. During glacial periods, effective moisture likely increased due to the decrease in temperature (Spaulding, 1985) . The modern dust fluxes are generally higher than the soil-accumulation rates (Fig. 6A) . Including the error bars, the average Holocene siltand clay-accumulation rates for the whole area are significantly higher than the Pleistocene rates, but the CaCO 3 rates are similar. Late Pleistocene and Holocene silt-and clay-accumulation rates are higher for the Yucca Wash soils than for the Fortymile Wash soils (Table 4) , although they overlap at one standard deviation; the modern silt and clay fluxes are also higher in Yucca Wash.
In the Whipple Mountains area, soils formed on fan alluvium derived from schist, quartzite, sandstone, and conglomerate under an arid, hyperthermic soil climate regime with no large playas nearby (McFadden, 1982) . The modern dust flux is larger than any of the interval-accumulation rates (Fig. 6B) . Although we could not calculate standard deviations for the interval rates, we assume they are similar to those of other areas. If so, accumulation rates of both clay and CaCO 3 were significantly lower in the latest Pleistocene than in the Holocene and the middle late Pleistocene (75-25 ka).
Near the Coyote Mountains, soils formed on sandy fan alluvium derived from calcareous metasedimentary, volcanic, and granitic rocks under an arid, hyperthermic soil climate regime, far from large playas (Goodmacher and Rockwell, 1990) . The modern dust flux may be elevated at this site due to nearby gravel mining (Table 4 ). The amount of pedogenic CaCO 3 is low in the Coyote Mountains soils 4 (Fig. 6C ) despite the presence of horizons with stage I to patchy stage III CaCO 3 . The interval-accumulation rates indicate that either little CaCO 3 accumulated during the late Pleistocene, or CaCO 3 was leached from the profiles before the late Holocene. A leaching episode is supported by the common presence of CaCO 3 -rich pipes extending several meters downward in the late Pleistocene soils (Goodmacher and Rockwell, 1990) . Most of the soils contain the same amount of salt regardless of age, suggesting that the salt accumulated during the Holocene. The lack of significant amounts of pedogenic CaCO 3 and salt in the Pleistocene soils (and the relative abundance of these materials in the dust and the parent alluvium) suggests a period of leaching during the late Pleistocene and early Holocene that removed CaCO 3 and salt from the soils, as previously suggested by Goodmacher and Rockwell (1990) . However, one of the authors (McFadden) doubts this interpretation.
The Silver Lake soils formed on granitic fan alluvium (Reheis et al., 1989; Harden et al., 1991b) in an arid, hyperthermic soil climate regime adjacent to the dry bed of pluvial Lake Mojave . The modern dust flux is higher than the late Pleistocene and late Holocene accumulation rates, but it is lower than or the same as early and middle Holocene rates (Table 4 , Fig. 6D ). Silt, clay, and CaCO 3 accumulated most rapidly between 11 and 6 ka (recall that these rates are minimum values), and salt accumulated most rapidly between 6 and 2.5 ka. McFadden et al. (1992) determined slow soil-development rates on the three highest beach ridges at Silver Lake, dated at between about 13 640 and 10 330 yr B.P., and attributed them to low rates of eolian deposition prior to the desiccation of pluvial Lake Mojave. Harden et al. (1991b) inferred that two dust-deposition ''events'' affected the Silver Lake soils between 11 and 6 ka (using profile clay and CaCO 3 ) and from 2.5 ka to the present (using only CaCO 3 ).
There are some differences between the accumulation rates for soils on the lower fans, located about 0.8 km from the modern playa, and for soils on the upper fans, about 1.8 km from the playa. However, most of the observed differences are not large (Table 4) . The rate of silt accumulation was typically higher for soils on the upper fans than on the lower fans, and salt appears to have accumulated very rapidly in the upper-fan soils during the middle Holocene (not shown). These differences in accumulation rates for lower-and upper-fan soils can be attributed to several factors. (1) Because only one profile was analyzed on each geomorphic surface in the two fan positions, we may be over-interpreting the data. (2) The upper fans of Holocene age have coarser gravel and greater depositional relief than the lower fans , hence the upper fan surfaces may be more effective at trapping dust than the lower fan surfaces. (3) Fine-grained Av horizons of the lowerfan soils could have been partly eroded by sheetflood events during the early to middle Holocene . (4) The lower fans are closer to the playa, which is a clayand CaCO 3 -rich dust source (Reheis and Kihl, 1995) . (5) Past changes in effective moisture may have affected the accumulation rates. The upper-fan Pleistocene soil appears to have lost salt during the late Pleistocene, suggesting that leaching may have been more effective in the cooler climate of the last glaciation, as indicated by climate-driven leaching models (McFadden, 1982; Mayer et al., 1988) .
The upper-fan soil on unit Qf3 appears to have accumulated salt very rapidly between about 6 and 2.5 ka. If the salt content of the upper-fan soil is representative, it may indicate deflation of salt from the adjacent lake bed in the middle Holocene. Enzel et al. (1992) cored the Silver Lake playa and reported at least three lacustrine episodes between about 9 and 3.5 ka. The rapid rise and desiccation of these shallow lakes may have concentrated salt at the playa surface, providing a salt-rich dust source during the Holocene. This hypothesis could be tested by laboratory analyses of more of the soils that were sampled at Silver Lake.
Discussion of Dust Flux and Soil Accumulation Rates
The modern dust fluxes at most of the study sites are more than large enough to account for the amount of silt, clay, and CaCO 3 in the middle to late Holocene soil profiles (Table 4) . The combined modern silt-and-clay fluxes at nine sites are 1.3-5.1 times greater than late Holocene accumu-
4
The soil-accumulation rates were recalculated from original data because the published volumes of pedogenic materials did not account for parent-material contents, nor was gravel excluded from the bulk-density data. (2) 10 7 30 4.9 4.9 6.9 1.6 4.9 ± 0.2 6.3 ± 2.7 4. Mormon Mesa surface (Gardner 1972) MM 3000 ~ilver Lake fans (Reheis and others 1989, and ungub. data) QfS ( Co~ote Mountains fans (Goodmacher and Rockwell 1990 and ungub. data) Q2 ( lation rates. Combined fluxes at three sites are 6 -9 times greater, likely due to local disturbances (e.g., the active gravel pit near the Coyote Mountains site). Fluxes at four other sites that are about 50% less than late Holocene accumulation rates are mostly due to location of the dust traps higher and farther from the source than the soils. The modern fluxes are minimum values (30%-60% less) for the type of trap used, because dust deposition is generally higher near the ground, where desert-scrub vegetation breaks the wind, than at the 2 m elevation of the traps (Reheis and Kihl, 1995) . However, the dust fluxes could be larger than the soil accumulation rates because dust cannot escape the traps but could conceivably be flushed through young, very permeable gravelly deposits. We cannot accurately evaluate these competing factors. However, we infer that modern dust-deposition rates are somewhat larger than rates over the last ca. 5000 yr.
Precise age control at a site that had late Holocene deposits of several different ages would be required to examine century-or millennial-scale changes in Holocene dust flux. Because sites in the most undisturbed parts of the study area, in Death Valley and on the east side of the Sheep Range, have modern dust fluxes that are higher than their late Holocene soil-accumulation rates (Table 4), we think that the effect of human disturbances on dust-trap deposition may be regional as well as local (e.g., off-road vehicles, construction). The average accumulation rates of CaCO 3 in the aridic soils of this study mostly range from Ͻ0.1 to 12 g/m /yr) and by Machette (1985) in southern New Mexico (2-10 g/m 2 /yr), but they are much lower than rates for semiarid soils in the Colorado Plateau (14 -51 g/m 2 /yr; Machette, 1985; Harden et al., 1985) .
At nearly every site, the Pleistocene soilaccumulation rates are much lower than the Holocene rates (more than can be accounted for by the minimum values for Pleistocene rates; Table 4 , Figs. 5 and 6 ). In addition, many sites had more rapid accumulation rates during the early Holocene than the late Holocene. The Pleistocene versus Holocene contrast (previously pointed out for Silver Lake, Kyle Canyon, and the Fortymile Wash area by Harden et al., 1991b) could be caused by changes in (1) dust flux (influx-limited model of Machette, 1985) , (2) moisture available to move the dust into the soils (moisture-limited model), (3) changes in soil porosity resulting from plugging of pore spaces by fine-grained materials (threshold model; Muhs, 1984; McFadden and Weldon, 1987) , (4) changes in surface roughness caused by formation of desert pavement, and (5) erosion of fines. The relative importance of these factors depends on soil age; older soils have smoother surfaces and are more likely to be plugged and (or) eroded.
We interpret simultaneous increases in the accumulation rates of silt, clay, and CaCO 3 to indicate increased dust flux (both deposition and infiltration). A critical point is that all of the sites with high early Holocene rates are near late Pleistocene pluvial lakes or playas: Silver Lake and sites 11, 26, 27, 39, 47, and 50. We attribute the rapidity of the early Holocene soil-accumulation rates at these sites to incorporation of dust deflated from desiccating pluvial lakes. This inference was previously made for specific sites in the southwestern United States (McFadden et al., 1986; Wells et al., 1987; Chadwick and Davis, 1990; Harden et al., 1991b) , and from this study, it appears to apply to the entire region.
Of the sites distant from playas, most have high soil-accumulation rates throughout the Holocene but lack the early Holocene pulse of dust determined for the sites near playas. The high Holocene rates for these soils are likely due to the aridity and decreased vegetative cover during the Holocene (e.g., Spaulding, 1985) . The difference in Holocene soil-accumulation rates between areas near and distant from playas is similar to the spatial difference in modern dust-deposition patterns: Reheis and Kihl (1995) showed that dust fluxes downwind of playas are generally highest in a dry year following an unusually wet year, when playas are flooded, whereas dust fluxes downwind of alluvial sources gradually increase with continuing drought.
At sites that have soil-accumulation rates for both the intervals from about 50 to 15 ka and 15 to 0 ka, the consistently large increase in rates at the Pleistocene-Holocene boundary and the similarity of the Av horizons in soils of both age groups suggest that much of the dust near the surface of the older soils accumulated at the same time as that in the younger soils, during a dust ''event'' caused by Holocene aridity (McFadden et al., 1986 . The 50 -15 ka surfaces may also have had somewhat better developed pavement than the younger surfaces when dust fluxes were high; the pavements would have decreased surface roughness and reduced the trapping efficiency of the older surfaces. We discount the possibility that soil erosion decreased the interval-accumulation rates calculated for the late Pleistocene because the surfaces of this age still have depositional topography and, where sampled, appeared to be uneroded.
Some of the 50 -15 ka soils, such as those at the Whipple Mountains, Wilson Creek, and sites 23, 28, and 46, have relatively high accumulation rates of clay and (locally) CaCO 3 but low rates of silt accumulation during the late Pleistocene (Table 4 , Fig. 6B ). The low silt-accumulation rates suggest that factors other than a high dust influx were important. We suspect that either or both (1) the soils were sufficiently plugged such that clay particles and CaCO 3 in solution could move into the profiles but little silt could be incorporated, and (2) there was an increase in the moisture available to move shallow fines deeper into the profiles. The coincidence of the rapid rates of clay and CaCO 3 accumulation with the relatively moist late Wisconsinan (Spaulding, 1985) and the apparent leaching of CaCO 3 and salt from the late Pleistocene soils in the Coyote Mountains area support the second interpretation. In addition, Harden et al. (1991c) showed that accumulations of clay, CaCO 3 , and silica are present Table 4 ). Rates are plotted at the midpoint between the ''best'' ages of the two soils. Horizontal bars represent maximum and minimum interval ages (i.e., the minimum interval age is halfway between the minimum ages of the two soils). Vertical error bars in A, C, and D represent one standard deviation calculated from soil-profile values for soils of the same age at each site. Data points are slightly offset from actual values where vertical error bars overlap. The youngest accumulation rates for the Fortymile Wash area and the Coyote Mountains are averaged to the present (omitting data for F-Q1b and -Q2, respectively; see Table 4 ). Values for the Fortymile Wash area are calculated using all profiles of the same age and are not the same as the average of values shown separately for Fortymile Wash and Yucca Wash in Table 4 . Note differences among diagrams in scales of x-and y-axes.
at greater water-equivalent depths in late Pleistocene soils than in Holocene soils at Silver Lake and Fortymile Wash-relations that imply greater leaching in the late Pleistocene.
The inferred change from clay translocation and CaCO 3 leaching during the latest Pleistocene to rapid dust accumulation during the Holocene is the crossing of a boundary between an influx-limited state, in which the dust supply is low but effective moisture is high enough to move fines from the shallow horizons downward, and a moisture-limited state. Noller (1993) conceptually expanded this model, originally proposed by Machette (1985) for pedogenic CaCO 3 , and applied it to all dust components that contribute to soil development, including silt, clay, CaCO 3 , and various salts. Many observers have noted and some have numerically modeled the climatic and pedogenic conditions that promoted deeper penetration of CaCO 3 in soils during the late Pleistocene than the Holocene (e.g., McFadden and Tinsley, 1985; Schlesinger, 1985; Marion and Schlesinger, 1994; Mayer et al., 1988; Eghbal and Southard, 1993) .
The very low accumulation rates before 100 -50 ka, exhibited by soils from the entire study area (Table 4 , Fig. 5 ), suggest a threshold related to soil-development processes and (or) erosion rather than to changes in dust flux, moisture, or surface roughness. Soils older than about 100 ka are well developed, with thick silty Av horizons, clayrich argillic B horizons, and stage III-IV calcic horizons (Table 2) ; the pedogenic silt, clay, and CaCO 3 decrease the soil permeability and porosity and greatly inhibit further infiltration of dust (e.g., Birkeland, 1984; Wells et al., 1987; McFadden and Weldon, 1987) . The increase in available water-holding capacity in these older soils (Harden, 1988 ) also leads to increased rates of chemical weathering, including clay authigenesis, iron oxidation, and interactions involving CaCO 3 , silica, and salt (Taylor, 1986; McFadden and Weldon, 1987; Reheis, 1987 Reheis, , 1990 . The timing of the change in accumulation rates indicates that in the deserts of southern Nevada and California, about 50 000 -100 000 yr is required to reach the threshold at which the rate of soil development slows dramatically. We infer that both the amount of effective moisture and the rate of dust addition over the history of development of a soil determine when that threshold is crossed.
The relative influence of erosion cannot be deciphered with the available information, in part because we have little data and inadequate age control for the old soils. We suspect that erosion is likely to be minor for the soils with well-developed desert pavements, because the interlocking clasts characteristic of such pavements would protect the underlying soil from erosion. Recent dating of clasts in desert pavements overlying soils formed on flows of the Cima volcanic field indicate that the pavements are as old as the flows, hence the surfaces and soils are very stable (Wells et al., 1994) . The effects of erosion are clearly more prominent in later stages of soil development, because old soils contain calcrete fragments in their A and B horizons. Eolian additions probably occurred as rapidly during intervals in the past as during the Holocene. At Fortymile Wash, for example, soils formed on thin (Ͻ50 cm) Holocene deposits that overlie early Pleistocene soils that have had their Av horizons and upper parts of Bt horizons removed by erosion (Taylor, 1986) . However, the interval-accumulation rates for the pre-late Pleistocene soils are nearly all positive (Table 4 ), suggesting that accumulation of silt, clay, and CaCO 3 slightly exceeded erosion in most of the old soils we studied; material can be translocated along ped faces and cracks, and in situ weathering also occurs in the old soils.
SUMMARY AND CONCLUSIONS
Quantitative comparison of modern dust and soils at many sites in southern Nevada and California allows constraints to be placed on the content of eolian material, rates of dust deposition, leaching, and development of these aridic soils. The Ͻ2 mm fractions of shallow horizons of soils formed on gravelly alluvium at the study sites are similar to modern dust samples with respect to grain size, content of CaCO 3 , and major oxides and are interpreted to consist largely of eolian dust. The soils contain silt, clay, CaCO 3 , and salts that are neither present in, nor weatherable in sufficient quantities from, the parent material. The major-oxide compositions of the upper soil horizons at Kyle Canyon, Silver Lake, and Wilson Creek are nearly identical to those of nearby dust and change downward to resemble those of the parent material.
The clay mineralogy of modern dust at a given site is also similar to that of the Av horizons of Holocene soils but is commonly different from the deeper soil horizons and from the Av horizons of Pleistocene soils. These results indicate that (1) dust both accumulates and is transformed in Av horizons with time, and (2) clay mineral transformations can occur in arid environments in only 10 000 yr or less, not only in the Av and Bw or Bt horizons but also in the deep Bk horizons where mineral weathering is not evident. These transformations may be promoted by the presence of Ca ϩ2 and Mg ϩ2 ions that accumulate in the calcic horizons ( Fig. 2 ; Reheis, 1990) and by the high relative humidity in the soils, nearly 100% below 50 cm depth even in the most arid parts of the study area (Friedman et al., 1994) .
The comparison of dust-deposition and soil-accumulation rates yields information on the interplay of paleoclimate, dust supply, and soil-forming processes. (1) Modern dust-deposition rates are more than large enough to account for middle and late Holocene soil-accumulation rates at nearly all sites. (2) The higher modern rates in part reflect the general, and locally the specific, impact of human disturbances in the desert. (3) The high early Holocene soil-accumulation rates in areas near former pluvial lakes clearly indicate a dust-deflation and -deposition event that caused rapid formation of fine-grained, shallow soil horizons. In areas distant from pluvial lakes, soil-accumulation rates were high but fairly constant during the Holocene. (4) Late Pleistocene soil-accumulation rates are low in most areas, indicating that dust-deposition rates in general were low during this period. At some sites, however, accumulation rates and depths of pedogenic clay, CaCO 3 , and silica suggest that the increased effective moisture during at least the late Wisconsinan translocated the clay and CaCO 3 already present in the soils; at the Coyote Mountains site, all salt and much of the CaCO 3 was leached from the soils.
We propose that the change from high to low accumulation rates that occurred at about 100 -50 ka is a threshold that was reached when silt, clay, and CaCO 3 accumulated sufficiently to decrease the soil porosity and permeability, to inhibit the downward transport of eolian material, and to increase rates of chemical weathering. Such a threshold is similar to, but required much more time to reach than, that proposed by McFadden and Weldon (1987) for soils at Cajon Pass, which crossed a threshold from rapid accumulation of eolian dust to chemical weathering of the dust in only about 8000 yr. A longer time to reach this threshold is reasonable for soils of this study, given the lower dust-deposition rates and the
